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Introduction {#s1}
============

Bacillary dysentery (BD), also known as shigellosis, is still a leading cause of morbidity and mortality worldwide, disproportionately affecting young children in developing countries ([@c17]). It causes roughly 125 million diarrheal episodes annually, leading to around 160,000 deaths globally ([@c1]). In China, BD is the third leading notifiable infectious disease, particularly in less developed regions, although the morbidity has fallen over the last three decades ([@c31]).

Climate influences the transmission of enteric infections by affecting pathogens, hosts, and human behavior ([@c34]). A study conducted in Australia indicates that increases in temperatures were associated with an increase in *Salmonella* infection in both subtropical and tropical regions ([@c40]). In China, BD is seasonal, with most cases occurring from June to September, suggesting that weather variables, especially temperature, may affect the transmission ([@c3]; [@c20]). Although several studies have explored the association between weather factors and BD in different areas in China ([@c19], [@c20]; [@c22]; [@c24]; [@c38]; [@c41], [@c39]; [@c43]), the existing epidemiological evidence is not comparable because most temperature--BD relationship studies were undertaken at a single location, used different models, and yielded inconsistent results. Furthermore, most studies did not explore the attributable risk due to temperature and did not project the future disease burden. Given its vast geographical area and climatic diversity, there is a need for China to undertake an integrated, large-scale national investigation of the heterogeneity of temperature--BD associations in different climatic regions to support region-specific interventions. Furthermore, it is crucial to understand the temperature-attributable risk of BD occurrence and then to project the future BD burden due to climate change in China, so that adaptation strategies and preventive actions can be implemented accordingly.

Using BD surveillance across different climatic regions, we performed a nationwide study in 316 cities to estimate city-specific, region-specific, and national pooled temperature--BD relationships; assess heterogeneity and temperature-attributable risk across regions; and project future BD burdens under different climate change scenarios. Additional aims were to identify potential vulnerable regions and populations and to provide comprehensive scientific evidence to inform decision-making.

Methods {#s2}
=======

Study Location {#s2.1}
--------------

China has 333 prefecture-level cities (including 4 municipalities and 329 prefecture cities) and can be divided into 11 meteorological-geographic regions according to the China Meteorology Administration (CMA) ([Figure 1](#f1){ref-type="fig"}). Because the number of BD cases is very small in smaller cities, an inclusion criterion of above 5% of total BD cases from 2014 to 2016 was adopted. Municipalities and prefecture-level cities were used in this study as the unit for data collection and analysis. Overall, 4 municipalities (Beijing, Shanghai, Tianjin, and Chongqing) and 312 prefecture cities were included (Table S1), and 17 small cities were excluded.

![Meteorological-geographic regions of China. Temperate monsoon climate: Huanghuai and Northern; Mongolia Temperate continental climate and temperate monsoon climate: Inner and Northeast; Subtropical monsoon climate: Jianghan, Jianghuai, and Jiangnan; Temperate continental climate: Northwest; Subtropical monsoon climate and tropical monsoon climate: Southern and Southwest; Plateau and mountain climate: Tibet.](ehp5779_f1){#f1}

Data Collection {#s2.2}
---------------

De-identified daily reports of BD cases from 1 January 2014 to 31 December 2016 (baseline data) from each study city were obtained from the Chinese Center for Disease Control and Prevention (Chinese CDC). Data included age, sex, date of onset, and the city code of residence. All BD cases, including clinical and lab-confirmed cases, were diagnosed based on the China national standard criteria of management for dysentery ([@c27]). The distribution of BD in China has been described previously ([@c36]).

Daily meteorological data over the same period from each city were downloaded from the CMA Data Sharing Service System (<http://cdc.cma.gov.cn/>), including mean temperature, relative humidity, and rainfall. Each city was assigned a representative meteorological station according to CMA. Missing meteorological data were interpolated using the mean of the 5 nearest neighbors ([@c29]).

Projected daily temperature series for 2010s (2014--2016), 2030s (2034--2036), 2050s (2054--2056), 2070s (2074--2076), and 2090s (2094--2096) were obtained from the Fast Track database of the Inter-Sectoral Impact Model Inter-Comparison Project (ISI-MIP) ([@c32]). The database provides bias-corrected downscaled temperature series projections with a spatial resolution of $0.5{^\circ} \times 0.5{^\circ}$ for each Representative Concentration Pathway (RCP, including RCP 2.6, RCP 4.5, and RCP 8.5) scenario of five general circulation models (GCMs) (Table S2), considered to be representative of the range of future climate projections ([@c26]; [@c32]). Projected daily temperature series for the 316 cities were extracted. To avoid possible bias, the modeled temperature series were recalibrated using a method developed and applied in ISI-MIP based on the actual and projected temperature data in 2010s ([@c14]; [@c30]). Projections of the population of China for current and future periods were downloaded from the United Nations Population Division (<https://population.un.org/wpp/>).

Statistical Analysis {#s2.3}
--------------------

The data analysis had three steps: estimating the temperature-BD relationship at city, regional and national levels; estimating the attributable risk of BD due to temperature; and projecting the future burden of BD due to increasing temperature in the context of climate change.

### Estimating the temperature--BD relationship at city, regional, and national levels. {#s2.3.1}

A two-stage statistical model was used to first assess the city-specific temperature--BD relationship and then to group them to obtain the pooled associations at regional and national levels ([@c23]; [@c35]). At the first stage, a generalized linear model combined with a distributed lag nonlinear model (DLNM) accounting for meteorological factors, long-term trend, and seasonality was fitted to quantify the city-specific exposure--lag response relationship between temperature and BD ([@c7]). An exploratory analysis using a bidimensional cross-basis natural cubic spline function with 3 degrees of freedom (df) and 21 d of lag based on previous studies was first applied in DLNM ([@c13]; [@c42]). A linear relationship with 14-d lags was finally adopted according to the exploratory analysis (Figure S1). To allow for overdispersion and autocorrelation, a quasi-Poisson distribution was used and the first-order lagged variable of model residual errors was added to the model ([@c23]). A natural cubic spline with 7 df per year for time was used to control for long-term trend and seasonality ([@c44]). The model was described as follows: $$\log\,\left\lbrack {E\left( Y_{t} \right)} \right\rbrack = \beta + cb\left( \text{tem}_{t} \right) + ns\left( {\text{hum}_{t},3} \right) + ns\left( {\text{rain}_{t},3} \right) + ns\left( {\text{time},\, 7\text{ per\ year}} \right) + \text{res}_{t - 1},$$where $Y_{t}$ denotes the daily counts of BD on day *t*. Daily mean temperature was applied with the cross-basis natural cubic spline function ($\text{df} = 3$) for both response and lag dimension. In addition, *ns* refers to natural cubic splines. Daily average humidity and rain on day *t* represented by $\text{hum}_{t}$ and $\text{rain}_{t}$ were included in the model as potential confounders. The term $\text{res}_{t - 1}$ means the first-order lagged model residuals.

In the second stage, a multivariate meta-analysis of the city-specific estimates was conducted to obtain the overall cumulative exposure--response relationship at regional and national levels ([@c8]). The best linear unbiased prediction (BLUP) and a Wald test were used to test the significance of meta-predictors and differences between models ([@c8]). The Akaike information criterion (AIC) was used to measure the goodness of model fits. The multivariate extension of $I^{2}$ statistics and the Cochran *Q* test were applied to measure the residual heterogeneity ([@c8]). To address the difference of temperature range between the 316 cities, we adopted two separate approaches: first a relative scale measurement of temperature (percentiles) for the national level and then an absolute temperature measurement for each climatic region ([@c8]; [@c35]). For the first approach, subgroup analyses by age and sex were conducted after the main model to identify potential vulnerable groups. Age groups of 0--5 y old and $\geq 6\; y$ old were adopted because BD is more common among the children under 5 y old ([@c13]). For the second approach, region-specific estimates of the temperature--BD relationship were obtained using an intercept-only model, i.e., not adding any other confounders in the meta-regression model.

### Estimating the attributable risk of BD due to temperature. {#s2.3.2}

The attributable fraction of BD due to higher temperature (temperature above the reference, the 50th percentile $P_{50}$) was estimated in the city-specific DLNM-analysis with BLUP method ([@c8]; [@c10]). The attributable risks for all average daily temperatures above the 50th percentile for each city at baseline (in 2014--2016) was estimated with a backward approach ([@c10]). Empirical confidence intervals (eCIs) were obtained using Monte Carlo simulations assuming a multivariate normal distribution of the parameters ([@c10]). The city-specific excess BD cases attributable to higher temperature were then summed by region to calculate the region-specific attributable fraction.

### Projecting the future burden of BD due to increasing temperature in the context of climate change. {#s2.3.3}

To isolate the temperature effect from other important trends, we assumed that populations, adaptation, and exposure--response relationships will remain constant in future ([@c30]). Future excess numbers of BD cases were projected using the $P_{50}$ of temperature as the reference following a modeling framework tutorial ([@c30]). The equation was described as follows: $$BD_{attr} = BD_{mod} \times {\left\{ {1 - \text{exp}^{- {({f^{*}{({T_{mod}^{*};\,\mathbf{\theta}_{b}^{*}})} - f^{*}{({T_{ref};\,\mathbf{\theta}_{b}^{*}})}})}}} \right\},}$$where $BD_{attr}$ denotes the excess number of BD cases due to temperature. ${BD}_{mod}$ means the modeled BD series in future. $f^{*}$ and $\theta^{*}$ represent the unidimensional overall cumulative exposure--response curves derived from DLNM model. $T_{mod}$ and $T_{ref}$ are, respectively, the modeled future temperature series and the reference temperature.

The excess BD cases were estimated separately for each city under different GCMs, RCPs, and periods; then GCM averaged attributable fractions were computed by region, period, and RCP, using the related total number of BD cases at current as denominator. Empirical CIs were obtained by Monte Carlo simulations (generating 1,000 samples of the coefficients) to quantify the uncertainty in exposure--lag response relationships and climate projections across GCMs ([@c9]). In addition, other factors, such as the projected changes in population and adaptations, were also estimated. The cohort-component method was used to project population trends until the year 2100 (<https://population.un.org/wpp/Methodology/>). A 30% decrease in the future temperature--BD exposure--response shape (coefficient, $\beta$) was applied to represent adaptation ([@c30]; [@c11]).

The sensitivity of main findings at national level was examined. A one-way sensitivity analysis strategy was adopted with respect to *a*) controlling the autocorrelation of models or not; *b*) changing the df of natural cubic spline for calendar time; *c*) varying the confounders for meteorological factors; and *d*) changing the max lag period. Residual analysis and autocorrelation test were conducted to graphically evaluate the goodness of model fit and autocorrelation.

All analyses were conducted in R (version 3.5.2; R Development Core Team) (<http://www.r-project.org>), using packages dlnm, tsModel, and mvmeta ([@c6]; [@c8]).

Ethical Clearance {#s2.4}
-----------------

This study was approved by the ethical review committee (ERC) of the National Institute for Environmental Health, Chinese CDC (201606), and the ERC of School of Public Health, Shandong University of China (20190402).

Results {#s3}
=======

Description of the Meteorological and Disease Data {#s3.1}
--------------------------------------------------

A total of 396,134 BD cases were notified over the period 2014--2016, 99.8% (395,321) of which occurred in the 316 target cities. The western and northern parts of China, including the Northwest region, Tibet, and Inner Mongolia, have sparse populations and relatively fewer BD cases ([Figure 2A](#f2){ref-type="fig"}). The geographic distribution of BD cases varied widely, with most cases occurring in densely populated cities ([Figure 2A](#f2){ref-type="fig"}). There were more BD cases in males (216,842; 55%) than those in females (178,479; 45%), and the most prevalent group was children aged 0--5 y old (139,198; 35%). Temperature in China increases from north to south ([Figure 2B](#f2){ref-type="fig"}). There was a synchronous seasonal trend of BD and temperature, with the most BD cases and higher temperatures occurring from June to September throughout the study period (Figure S2).

![Geographic distribution of total bacillary dysentery cases from 2014 to 2016 (A) and yearly mean temperature (B) from 2014 to 2016 in 316 cities of China.](ehp5779_f2){#f2}

Relationship Between Temperature and BD {#s3.2}
---------------------------------------

Pooled and city-specific temperature--BD relationships for the 316 cities in relative scale for total population, different age groups, and genders are shown in [Figure 3](#f3){ref-type="fig"}. The results suggest a positive linear relationship for the pooled relationship at national level and substantial variation between the city-specific relationships, with an $I^{2}$ of 35.7% (*Q* test: $p < 0.001$). The subgroup analyses suggest that pooled estimated effect of temperature on BD was similar between age {0--5 y old: relative risk $\left( \text{RR} \right) = 1.016$, \[95% confidence interval (CI): 1.010, 1.022\] vs. $\geq 6\; y\text{ old}$: $\text{RR} = 1.016$, (95% CI: 1.010, 1.021)} and gender groups \[males: $\text{RR} = 1.016$, (95% CI: 1.011, 1.022) vs. females: $\text{RR} = 1.016$, (95% CI: 1.010, 1.021)\] ([Figure 3](#f3){ref-type="fig"}).

![Pooled estimates \[with 95% confidence interval (CI)\] and city-specific estimate of temperature on bacillary dysentery in relative scale for total population, different age groups, and genders. Reference: 50th percentile of temperature.](ehp5779_f3){#f3}

The region-specific temperature--BD relationships ([Figure 4](#f4){ref-type="fig"}) indicated that associations between temperature and BD were similar across cities within Inner Mongolia, Northeast, Jianghuai, Huanghuai, and Southern China regions ($I^{2} < 20\%$), whereas there were moderate levels of heterogeneity across cities within other regions ($I^{2}$: $28\%\text{ to} \sim 56\%$) (Table S3). The risk of BD was significantly increased in association with higher average daily temperatures in the Northwest, Inner Mongolia, Northeast, Northern, Southwest, Jiangnan, and Southern China regions ([Table 1](#t1){ref-type="table"}, [Figure 4](#f4){ref-type="fig"}). RRs in [Table 1](#t1){ref-type="table"} represent the relative risk for a 1°C increase in daily mean temperature. Associations were positive but not significant for Jianghan and Jianghuai and close to the null for Huanghuai. In contrast with other regions, the association was inverse (though not significant) for Tibet.

![Region-specific estimates of mean temperature on bacillary dysentery. Black solid line with dark grey dashed lines represent the regional pooled effect with 95% confidence interval (CI), whereas the solid light grey lines are the city-specific estimates. For Jianghuai and Inner Mongolia, the pooled estimate lines overlie the first-stage estimates.](ehp5779_f4){#f4}

###### 

Risk of bacillary dysentery due to temperature in 11 regions of China.

Table 1 has four columns, namely, region, RR (95 percent CI), RR for adaptation, and attributable fraction (percent).

  Region           RR (95% CI)            RR for adaptation   Attributable fraction (%)
  ---------------- ---------------------- ------------------- ---------------------------
  Huanghuai        1.003 (0.993, 1.013)   1.002               1.9
  Inner Mongolia   1.023 (1.002, 1.043)   1.016               15.7
  Jianghan         1.014 (0.993, 1.035)   1.010               5.6
  Jianghuai        1.012 (0.995, 1.029)   1.008               4.9
  Jiangnan         1.014 (1.003, 1.025)   1.009               4.8
  Northeast        1.021 (1.008, 1.034)   1.014               13.6
  Northern         1.029 (1.015, 1.044)   1.020               12.8
  Northwest        1.014 (1.002, 1.026)   1.010               6.8
  Southern         1.033 (1.015, 1.052)   1.024               6.3
  Southwest        1.019 (1.006, 1.032)   1.013               5.8
  Tibet            0.970 (0.900, 1.046)   0.979               $- 1.6$
  National         1.017 (1.012, 1.021)   1.012               7.0

Note: RR represents the regional combined relative risk for a 1°C increase of daily mean temperature derived from the two-stage model during 2014--2016. RR for adaptation used the coefficient ($\beta$) of region-specific relative risks reduced by 30%. Attributable fraction was estimated in the city-specific DLNM-analysis with BLUP method. Higher temperature for attributable fraction means all average daily temperatures above the 50th percentile for each city at baseline (in 2014--2016). BLUP, best linear unbiased prediction; CI, confidence interval; DLNM, distributed lag nonlinear model; RR, relative risk.

Attributable Fraction of BD Due to Temperature {#s3.3}
----------------------------------------------

Estimated attributable risks for BD due to average daily mean temperatures above the 50th percentile were the highest for the Inner Mongolia (16%), followed by the Northeast (14%) and Northern (13%) regions ([Table 1](#t1){ref-type="table"}, [Figure 5A](#f5){ref-type="fig"}). Most of the individual cities in the same regions and most of the cities in the Northwest, Southern, and Southwest regions had high attributable risks ($\geq 5\%$) ([Figure 5B](#f5){ref-type="fig"}, Table S4).

![Region-specific (A) and city-specific (B) attributable fraction of bacillary dysentery due to higher temperature in China. Higher temperature means daily temperature above the city-specific 50th percentile from 2014 to 2016. Corresponding numeric data for each region and city are reported in [Table 1](#t1){ref-type="table"} and Table S4, respectively.](ehp5779_f5){#f5}

Projected Future Burden of BD Due to Temperature Increase in the Context of Climate Change {#s3.4}
------------------------------------------------------------------------------------------

Future temperatures are projected to increase gradually in China for RCP 4.5 and 8.5 but not for RCP 2.6 (Figure S3). The average temperature change in the 2090s compared with the present will exceed 3°C for RCP 4.5 and over 5°C for RCP 8.5 (Table S5). Geographic variation of projected temperature change is not substantial, being slighter higher in the North than in the South of China (Figure S3). According to World Population Prospects 2019 provided by the World Health Organization (WHO), after adopting a medium fertility variant and no change in age structure, we assumed a 3.85% increase in the national population from baseline to the 2030s, followed by decreases of 2.65%, 13.16%, and 22.36% for the 2050s, 2070s, and 2090s, respectively (<https://population.un.org/wpp/>).

Projected BD had a similar increasing trend for different scenarios and years but a very different geographic variation in comparison with the projected temperature ([Figure 6](#f6){ref-type="fig"}). An increasing trend of BD cases due to average temperature increase was projected in most regions of China, especially for RCP 8.5 ([Figure 6](#f6){ref-type="fig"}). Identified high risk regions are Northern, Northeast, Inner Mongolia, Northwest, and Southern China regions with percent change and 95% CI under RCP 8.5 of 20% (11%, 27%), 15% (6%, 20%), 15% ($- 1\%$, 22%), 12% (1%, 19%), and 11% (5%, 15%), respectively, during 2090s in comparison with their current burdens (Table S5). When we performed a sensitivity analysis that assumed a 30% reduction in the exposure--response function to account for adaptation (using the RR for adaptation in [Table 1](#t1){ref-type="table"}), estimated percentage differences in future BD due to projected temperatures (relative to the reference value) were smaller but remained positive for all regions except Tibet, where there was a smaller net decline relative to the primary estimates (Table S5). When we adjusted for projected changes in the overall population in addition to adaptation, estimated temperature-related changes in BD increased in magnitude for the 2030s (when the projected population increased relative to baseline), but decreased (in some cases below the null) for the 2050s, and indicated a decline in temperature-related BD relative to baseline for all regions in the 2070s and 2090s (Table S5).

![Projected percent change of bacillary dysentery due to temperature increase by scenarios and years in China under assumptions of no change in population sizes and adaptation. Corresponding numeric data are reported in Table S5.](ehp5779_f6){#f6}

Sensitivity Analysis {#s3.5}
--------------------

Sensitivity analyses were performed to test the robustness of our models. The shape of the association between temperature and BD was similar when controlling autocorrelation or not (Figure S4), adjusting for rain and humidity (Figure S5), changing the df of the natural cubic spline for calendar time (Figure S6), and changing the maximum lag period (Figure S7). We did not observe evidence of autocorrelation, and residuals for the DLNM models followed a normal distribution, as illustrated based on estimates for Beijing, Tianjin, Chongqing, and Shenzhen (Figures S8, S9, S10, and S11, respectively). Results are similar and not shown for other cities.

Discussion {#s4}
==========

To our knowledge, this is the first epidemiological study to estimate the risk of BD attributable to temperature and to project the future BD burden in the context of climate change at city, regional, and national levels. Our analysis covered approximately 99.8% of the notified BD cases in China over the study period. Our estimates suggested that higher daily average temperature is associated with an increased risk of BD in most regions of China, though associations varied among cities and regions with different climatic characteristics. Our findings also identified regions that may be at particularly high risk of BD as a consequence of increasing temperatures in the future, particularly under the RCP 8.5 scenario. The results will contribute to the development of national preventive strategies and measures for the reduction of likely increasing risks of BD due to climate change in China. The study findings may also be applicable to other countries with similar climate characteristics and socioeconomic status and may also be useful for the control and prevention of other diarrheal diseases.

In this study, we found that high temperature was associated with a significant increase in the risk of BD at national level, which is consistent with the findings of previous single city studies in China ([@c4]; [@c19], [@c20]; [@c22]; [@c24]; [@c39]; [@c43]). The biological mechanism linking temperature and BD is complex. *Shigella* can be transmitted through person-to-person contact or by consumption of contaminated food or water ([@c17]). Increasing BD may be explained by changes in the microbes of contaminated food or water driven by increasing temperatures. Higher temperatures can lengthen the survival period and growth rate of microbes ([@c2]; [@c18]; [@c25]). Simultaneously, higher temperature may change human diet and eating habits and behaviors, such as eating more barbecued foods, ice cream, and salads, which increase the exposure to microbes ([@c18]). Moreover, people drink more water on hot days, which will dilute the gastric juice and weaken its bactericidal function ([@c18]). However, previous theories have not clearly explained the heterogeneity of temperature--BD relationship across different meteorological-geographic regions, which was evident in our analysis despite use of a unified data format and time-series model for all cities in this study. This heterogeneity may partly be due to variation in other social, geographic, and climatic characteristics. Several studies have also suggested that associations among climatic factors and BD and Hand, Foot, and Mouth disease may be modified by characteristics including geographic location, economic factors, and humidity ([@c12]; [@c23], [@c22]; [@c45]). The subgroup analysis suggested that associations between temperature and BD were similar for men and women, and for children 0--5 y old and those $\geq 6\; y\,$ old, in contrast with other studies that reported that children ages 0--5 y old and female children were at higher RR than others in Hefei city, China, whereas another multicity study conducted in Anhui province, China, indicated that RR of high temperature for children $> 6\; y\,$ old was higher than the RR for children under 5 y old ([@c21]; [@c13]).

Climate change has been recognized as one of the biggest global threats to human health ([@c33]). Under different RCP scenarios, temperature simulations from GCMs indicate that warming will occur in all regions of China, especially in Northern regions ([@c5]). The ensemble-averaged warming in China by the end of the 21st century is $+ 1.4{^\circ}C$ for RCP 2.6, $+ 2.5{^\circ}C$ for RCP 4.5, and $+ 5.1{^\circ}C$ for RCP 8.5 ([@c5]). Estimates assuming no adaptation or change in the population suggested that increasing temperatures under the RCP 4.5 and RCP 8.5 scenarios will increase the risk of BD over time in most regions, with the greatest increases by the 2090s (relative to 2014--2016 under RCP 8.5) estimated for the Northern (20%), Northeast (15%), Inner Mongolia (15%), Northwest (12%), and Southern (11%) regions. Such increases could impose a huge additional health burden on China's already overloaded health-care system. For example, the estimated annual health-care cost for BD in 2014--2016 was $\$ 5,406,628$ for Beijing alone ([@c16]) and will increase to $\$ 6,487,954$ at 2090s under RCP 8.5. Effective health adaptation strategies and measurements should be developed and implemented to protect population health, especially in these vulnerable regions. Population changes projected by WHO suggest that the overall population in China will decrease by 22% in the 2090s in comparison with that of the 2010s, which would also reduce the numbers of future BD cases accordingly. Another study from China used similar population projection methods from the United Nations with different population variation scenarios to project temperature-related mortality risks ([@c28]). However, population projections may be unreliable due to the influence of changes in population policy and other factors ([@c37]). The reductions-in-slope method recommended by Simon et al. was conducted in our study to handle the adaptation in the future ([@c11]). However, caution should be exercised when explaining the adaptation because it may introduce another source of uncertainty that could be greater than the uncertainty from emissions and climate modeling ([@c11]).

Some of the regions estimated to be at higher risk of increased BD due to climate change may also be at increased risk because of insufficient infrastructure, lower socioeconomic status, and health-care service limitations, including the Inner Mongolia, Northeast, and Northern regions. A well-designed health-care plan and resource allocation strategy will be important, together with an effective community health education campaign. Our estimates suggested that, in addition to less-developed regions, Chinese megacities, including Beijing, Tianjin, and Shenzhen, will also have a high risk of temperature-related BD due to climate change. In our analyses, we were not able to account for changes in the structure of city populations, which may include increasing numbers of migrant workers from rural areas who may be at higher risk due to poorer living conditions and health-care services ([@c15]). Steps to reduce future risks of BD should focus not only on populations in less developed areas but also on urban populations, including rural-to-urban migrant workers in megacities.

Some limitations of this study should be acknowledged. First, underreporting is inevitable, although there have been improvements in China ([@c31]). Second, some confounders like pathogen mutation, individual hygiene habits, and immune levels have not been considered. Last, our model relied on projections of future climate-change scenarios, future population changes, and adaptations that are uncertain and may be affected by a variety of factors, such as government policy and adaptive actions.

Conclusions {#s5}
===========

Our study supports a positive association between temperature and BD in China, with temperatures above the local median accounting for 13%--16% of the current BD disease burden in high-risk regions, but with weaker or null associations in other regions. Our findings also suggest that global warming will increase BD infections in China as a whole, and in both less-developed and urban areas, thus supporting the need for national strategies to reduce the risk of BD due to climate change.
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